Introduction
============

Arthritis is a degenerative disease characterized by joint pain, tenderness, stiffness, swelling, restricted movement and joint deformities ([@b1-etm-0-0-5941]). There are a number of different types of arthritis, including rheumatic arthritis, rheumatoid arthritis, osteoarthritis, gouty arthritis, ankylosing spondylitis, reactive arthritis, infectious arthritis and other factor-induced arthritis ([@b2-etm-0-0-5941],[@b3-etm-0-0-5941]). In recent years, the number of osteoarthritis has risen and an increasing number of individuals have been clinically diagnosed with the condition, which presents a serious threat to human health and quality of life ([@b4-etm-0-0-5941],[@b5-etm-0-0-5941]). Osteonecrosis of the femoral head is a specific type of osteoarthritis that significantly affects the patient\'s ability to move and exhibits the most serious degeneration of the joints among osteonecrosis diseases ([@b6-etm-0-0-5941],[@b7-etm-0-0-5941]).

Osteonecrosis of the femoral head may be divided into different categories, including traumatic, drug-induced and alcohol-stimulated femoral head necrosis, which have different degrees of pathogenesis and disease progression ([@b4-etm-0-0-5941],[@b8-etm-0-0-5941]). Previous studies have demonstrated that osteonecrosis of the femoral head is an autoimmune disease and primarily manifests as inflammatory arthritis ([@b9-etm-0-0-5941],[@b10-etm-0-0-5941]). The causes of femoral head necrosis are diverse and complex, meaning they are difficult to comprehensively explain in a classification system. Additionally, the pathogenesis of osteonecrosis of the femoral head is not fully understood ([@b11-etm-0-0-5941]--[@b13-etm-0-0-5941]). Therefore, a variety of treatments for osteonecrosis of the femoral head have previously been proposed ([@b14-etm-0-0-5941]--[@b16-etm-0-0-5941]). Although the outcomes described in previous studies are encouraging, the failure rates remain high due to the failure of bone generation and revascularization in the femoral head ([@b17-etm-0-0-5941]--[@b19-etm-0-0-5941]).

Bone morphogenetic proteins (BMPs) belong to the transforming growth factor-β superfamily that regulates a number of cellular activities ([@b20-etm-0-0-5941]). Previous studies have demonstrated that BMPs serve important roles in different forms of arthritis and their disease activity ([@b21-etm-0-0-5941]--[@b23-etm-0-0-5941]). Grcevic *et al* ([@b24-etm-0-0-5941]) previously reported that the peripheral blood expression profiles of BMPs may act as predictive markers for the development of arthritis, its disease activity, therapeutic responsiveness and overall prognosis. Lories and Luyten ([@b25-etm-0-0-5941]) previously suggested that BMPs are beneficial for the repair of joint destruction and tissue responses that may form the basis of chronic arthritis. BMP-2 is a member of the BMP family that contributes to bone formation, joint anti-inflammation and synovial repair ([@b26-etm-0-0-5941],[@b27-etm-0-0-5941]). Previous research has suggested that recombinant BMP-2may induce bone formation and osteoblastic differentiation by regulating endochondral ossification ([@b28-etm-0-0-5941],[@b29-etm-0-0-5941]). In addition, abnormal expression of BMP-2 in mesenchymal cells has been investigated in association with rheumatoid arthritis ([@b30-etm-0-0-5941]). Furthermore, BMP-2 has been used clinically during spinal fusion procedures and treatment outcomes have indicated that it is effective in regulating joint inflammation and damage in rats and rabbits ([@b31-etm-0-0-5941],[@b32-etm-0-0-5941]). However, the *in vivo* effects of BMP-2 in humans are unpredictable due to its short half-life in patients with rheumatoid arthritis ([@b33-etm-0-0-5941]).

In the present study, the beneficial effects of recombinant BMP-2 containing the Fc fragment (rBMP-2/Fc) were investigated in a mouse model of osteonecrosis of the femoral head. The results indicated that rBMP-2/Fc significantly improved the viability and growth of synovial cells through the nuclear factor (NF)-κB signaling pathway. *In vivo* experiments demonstrated that rBMP-2/Fc treatment markedly relieved the arthralgia and repaired the damaged osteonecrosis of the femoral head by promoting angiogenesis of the femoral head.

Materials and methods
=====================

### Animal protocol

A total of 60 male 6--8 week old, C57BL/6J mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All mice were identified by ear punching and housed in temperature-controlled room (25±1°C; humidity, (50±5°C) with an artificial 12 h light/dark cycle and *ad libitum* free access to food and water. A steroid-induced osteonecrosis of the femoral head (SI-OTFD) mouse model was established as previously described, via the subcutaneous administration of 100 mg/kg steroid (Glucocorticoid; ModiQuest Research, Oss, The Netherlands). The mice were divided into the following three groups (n=20 per group): i) The control group (healthy mice), ii) the BMP-2/Fc group and iii) the dexamethasone (DEX) group (positive control). On day 7 following model establishment, the mice received treatment with either BMP-2/Fc (10 mg/kg, Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), DEX (10 mg/kg; Sigma-Aldrich; Merck KGaA) or the same volume of PBS (control group) via intravenous injection. The body weights of the experimental mice were measured prior to each administration. The treatments were administered seven times, once every three days for a total of 21 days. Mice were sacrificed on day 32 for histological analysis with 100 mg/kg 1% intravenous sodium pentobarbital. Clinical osteonecrosis of the femoral head was evaluated using a scale of 0--2 as previously described ([@b34-etm-0-0-5941]). A total of 10 randomly selected mice were sacrificed on day 32 and the remainder were housed for a 120-day observation. Body and spleen weights of mice were measured post-sacrifice on day 32. Arthritic scores were measured from mice as previously described ([@b35-etm-0-0-5941]).

The present study was performed in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the Tianjin Medical University ([@b36-etm-0-0-5941]). All animal procedures were reviewed and approved by the Ethical Committee of Shandong Medical University (Shandong, China). All surgeries and euthanasia were performed under sodium pentobarbital anesthesia (1% sodium pentobarbital, 40 mg/kg, Sigma-Aldrich; Merck KGaA) by intraperitoneal injection. All efforts were made to minimize the suffering of the experimental mice.

### Cells and reagents

Experimental mice were anesthetized using sodium pentobarbital anesthesia (1% intravenous sodium pentobarbital, 40 mg/kg, Sigma-Aldrich) and Synoviocytes were isolated from the experimental mice on day 32 as described previously ([@b37-etm-0-0-5941]) and then cultured at 37°C in a 5% CO~2~ humidified atmosphere in minimum essential medium (Sigma-Aldrich; Merck KGaA) with 10% fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA). BMP and BMP receptor (BMP-2R) were also purchased from Sigma-Aldrich (Merck KGaA). Saos-2 cells were purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Sigma-Aldrich; Merck KGaA) with 10% FBS for 12 h at 37°C in a 5% CO~2~ humidified atmosphere. Synoviocytes from PBS-treated mice were treated with rBMP-2/Fc (10 ng/ml), BMP-2R (10 ng/ml) or PBS (Control) for 24 h at 37°C in a 5% CO~2~ humidified atmosphere to analyze the activity and function of rBMP-2/Fc in synoviocytes.

### Cell viability

Synoviocytes form experimental mice following treatment were seeded at a density of 1×10^3^ cells/well in 96-well plates with DMEM containing 10% FBS at 37°C for certain time periods (12, 24, 36, 48, 60 and 72 h). Following incubation, 20 µl MTT reagent (Sigma-Aldrich; Merck KGaA) in 20 µl PBS was added into each well and cells were incubated at 37°C for 4 h, to enable the formation of water insoluble formazan crystals. The formazan crystals were then dissolved using dimethyl sulfoxide (200 µl/well) and their absorbance (optical density, OD) at 570 nm was measured using a microplate spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The inhibition rate of cell viability was calculated using the following equation: Inhibition rate (%)=(OD~control~-OD~treated~)/OD~control~ ×100.

### Cell differentiation

Synoviocytes from sacrificed experimental mice following treatment were seeded at a density of 1×10^5^ cells/cm^2^ for 12 h at 37°C. At 85% confluence, the cells were cultured in osteogenic medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 5% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in the presence of the aforementioned reagents. The procedures used for characterizing Synoviocyte differentiation were as described in a previous study ([@b38-etm-0-0-5941]).

### ELISA analysis

The concentration of vascular endothelial growth factor (VEGF; cat. no. MMV00; Bio-Rad Laboratories, Inc.), BMP-2R (MAB3552; Bio-Rad Laboratories, Inc.), receptor activator of NF-κB ligand (RANKL; cat. no, Hu7596RY; Huiying, Shanghai, China) and macrophage colony-stimulating factor (M-CSF; cat. no. KHG00112; Thermo Fisher Scientific, Inc.) In the synovial cells of experimental mice were analyzed using ELISA. Synovial cells were harvested and homogenized in an Instant One ELISA Cell Lysis Buffer (Invitrogen; Thermo Fisher Scientific, Inc.). The synovial cells were subsequently separated by centrifugation at 6,000 × g for 10 min at room temperature and the homogenate was quantified according to a previously described method ([@b39-etm-0-0-5941]). The levels of BMP-2R (cat. no. FK-R0025; Huiying), M-CSF (cat. no. KHG00112; Thermo Fisher Scientific, Inc.) and RANKL (cat. no, Hu7596RY; Huiying) were measured using ELISA according to the manufacturers\' protocols. Levels of BMP-2 (cat. no. ab119582), IL-6 (cat. no. ab100712) and IL-10 (cat. no. ab100765) were assessed using ELISA kits obtained from Abcam (Cambridge, UK) according to the manufacturers\' protocol.

### Formation of the rBMP2/Fc protein

The human BMP-2 linked with the Fc fragment was obtained form the Department of Orthopedics, Shandong Provincial Hospital Affiliated to Shandong University (Jinan, China). The gene was sequenced by Invitrogen (Thermo Fisher Scientific, Inc.) and the BMP-2/Fc gene (200 ng) was inserted into pET27b vectors and named pET27b-BMP-2/Fc. The pET27b-BMP-2/Fc was expressed in *Escherichia coli Rossetta* (Invitrogen; Thermo Fisher Scientific, Inc.) by transforming the recombinant pET27b-BMP-2/Fc plasmid using electro transformation ([@b40-etm-0-0-5941]). The bacteria were grown in lysogeny broth medium (Invitrogen; Thermo Fisher Scientific, Inc.) for 12 h at 37°C and 0.5 mM isopropylthio-β-d-galactoside (IPTG, Sigma-Aldrich; Merck KGaA) was used to induce BMP-2/Fc expression. Subsequently, the cells were disrupted following a 12 h induction with IPTG and dissolved in 15 ml PBS. The protein underwent denaturation for 12 h at 90°C and renaturation for 12 h at 4°C and ion exchange chromatography was used to purify the protein of interest. The purified protein was collected and 1.5% gel filtration chromatography (glucan) further purified the rBMP-2/Fc protein.

### Reverse transcription-quantitative (RT-q) PCR

Total RNA from the synovial cells was extracted using a RiboMinus™ Eukaryote kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The concentration of RNA was quantified by spectrophotometry at 260 nm (SmartSpec 3000; Bio-Rad Laboratories, Inc.). The quantified RNA was subjected to RT into cDNA using a QuantiTect Reverse Transcription kit (Qiagen Sciences, Inc., Gaithersburg, MD, USA) and the quality was confirmed by electrophoresis. The cDNA was diluted 1/10 with distilled water and 10 µl was used for amplification. The RT-qPCR was performed using a real-time quantitative PCR machine (Roche Molecular Diagnostics, Pleasanton, CA, USA) with QuantiNova SYBR Green RT-PCR Kit (Qiagen Sciences, Inc., Gaithersburg, MD, USA) according to the manufacturer\'s protocol. Forward and reverse primers were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.) and their sequences were as follows: RANKL, forward 5′-GCAGAGAAAGCGATGGTGGA-3′ and reverse 5′-GGAACCAGATGGGATGTCGG-3′; VEGF, forward 5′-TGCATTCACATTGTGCTGCTGTAG-3′ and reverse 5′-GCAGATTATGCGGATCAAACC-3′; M-CSF forward 5′-ACCACCTATGCGGATTTCAT-3′ and reverse 5′-TCATTACGCAGGCACAAAAG-3′; intercellular adhesion molecule 1 (ICAM-1), forward 5′-TGCTGAACTGAAGTACACTGGCATTGGTTTTG-3′ and reverse 5′-CCTGAACTGAAGTACTGGCATTGGTCAGTCA-3′; platelet-derived endothelial cell growth factor (PD-ECGF), forward 5′-AGAACCCGAGGAATGGCGA-3′ and reverse 5′-AGGCCTTTGCCACTGCTTGTA-3′; and β-actin, forward 5′-CGGAGTCAACGGATTTGGTC-3′ and reverse 5′-AGCCTTCTCCATGGTCGTGA-3′. The thermo cycling conditions of PCR were as follows: A preliminary denaturation at 94°C for 2 min, followed by 40 cycles of 95°C for 30 sec. The annealing temperature was then reduced to 58°C for 30 sec and 72°C for 300 sec. The reaction total reaction volume was 20 µl and contained 50 ng genomic cDNA, 200 µM dNTPs, 200 µM primers and Taq DNA polymerase and SYBR-Green (both 2.5 U; Thermo Fisher Scientific, Inc.). Relative mRNA expression changes were quantified using the 2^−ΔΔCq^ method ([@b41-etm-0-0-5941]). The results are presented as the n-fold change compared with β-actin.

### Pain-associated behavior tests

During treatments the mechanical allodynia test and spontaneous lifting behaviors were used to evaluate the paw withdrawal mechanical threshold (PWMT). These tests were performed as previously described ([@b42-etm-0-0-5941]).

### Western blot analysis

Synovial cells were treated with PBS, DEX or rBMP-2/Fc, homogenized in a lysate buffer (radio immunoprecipitation assay buffer) containing protease inhibitor (Sigma-Aldrich; Merck KGaA) and centrifuged at 6,000 × g at 4°C for 10 min. The supernatant was used to analyze the expression levels of specific proteins. Protein concentration was measured with a BCA protein assay kit (Thermo Fisher Scientific, Inc.). A total of 10 µg/lane protein was separated in 15% SDS gel and then transferred onto poly vinylidene fluoride membranes (EMD Millipore, Billierica, MA, USA). Prior to western blot analysis the membranes were blocked with 5% skimmed milk for 1 h at 37°C and subsequently incubated at 4°C overnight with rabbit anti-mouse primary antibodies sourced from Sigma-Aldrich (Merck KGaA) directed against: NF-κB (cat. no. SAB4501987), p65 (cat. no. SAB4502615), inhibitor of NF-κB kinase-β (IKK-β; cat. no. SAB1300467) and NF-κB inhibitor-α (IκBα; cat. no. SAB4501997). The following antibodies sourced from Abcam (Cambridge, UK) were also utilized: ALP (cat. no. ab83259), Runx2 (cat. no. ab23981), Osterix (cat. no. ab22552), Osterocalcir (cat. no. ab93876), pSmad-1 (cat. no. ab71720), pSmad-5 (cat. no. ab11437), pSmad-8 (cat. no. ab110288) and β-actin (cat. no. ab8227). All antibodies were diluted at 1:1,000. The membranes were then incubated with goat anti-rabbit horseradish peroxidase-labeled immunoglobulin G secondary antibodies (1:2,000; cat. no. PV-6001; OriGene Technologies, Inc., Beijing, China) for 24 h at 4°C. The results were visualized using a chemiluminescence detection system (Roche Diagnostics, Basel, Switzerland) and with BandScan 5.0 software (Glyko, Inc.; BioMarin Pharmaceutical Inc., Novato, CA, USA).

### Histopathological analysis

Mice were sacrificed under pentobarbital anesthesia on day 32 and their hips joints were separated and fixed with 10% formalin for 30 min at 37°C. The joints were subsequently decalcified and embedded in paraffin. Sections of hip joints (5 µm) from the experimental mice were stained with hematoxylin and eosin for 1 h at 37°C and the sections were used to evaluate the therapeutic effects of rBMP-2/Fc, DEX and PBS in an SI-OTFD mouse model. Tissue sections were observed using a light microscope (Olympus Corporation, Tokyo, Japan) at a magnification of ×40. The severity of the arthritis in the joints was scored on a scale of 0--5 as previously described ([@b43-etm-0-0-5941]).

### Vascular density measurements and evaluation of bone reabsorption activity

The vascular density measurements and an evaluation of the bone reabsorption activity of mice following treatment with rBMP-2/Fc, DEX and PBS (n=6) were conducted as previously described ([@b44-etm-0-0-5941],[@b45-etm-0-0-5941]). Briefly, for the vascular density, factor VIII-associated antigen-stained images were captured at a magnification of ×200 using an ECLIPSE E600 microscope with a 20× objective lens (Nikon Corporation, Tokyo, Japan). Two images were randomly selected and the most highly vascularized area of the femoral head was recorded. The area of one image was 0.330 mm^2^. The vascular densities were analyzed using an image analysis system (analysis; Soft Imaging System GmbH, Munster, Germany). The vascular density was calculated as follows: (Factor VIII stained vascular area/total image area in ×200 magnification) ×100. For bone reabsorption activity, the cluster of differentiation 68-positive multinucleated cells containing three or more nuclei were counted in five random high-power fields (magnification, ×400) in each femoral head. The area of one high-power field was 0.238 mm^2^. The total area analyzed per case was 1.188 mm^2^. A total of 6 randomly selected mice from each group were evaluated.

### Half-life assays

The half-life of BMP-2 and rBMP-2/Fc were assessed via half-life experiments as described previously ([@b46-etm-0-0-5941]). Briefly, BMP-2 or rBMP-2were labeled with IRDye 800CW NHS Ester (LI-COR Biosciences, Lincoln, NE, USA) and the degree of labeling was determined according to the manufacturer\'s protocol. A total of 50 µg labeled BMP-2 or rBMP-2 was injected retro-orbitally into the C57BL/6J mice and blood was harvested from the tail every 60 min and collected in heparin coated tubes. The tubes were protected from light and kept at 4°C until blood collection was complete. Infrared luminescence was measured using the Odyssey Infrared Imaging system (LI-COR Biosciences) and analyzed using ImageJ software version 1.2 (National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

All data are presented as the mean + standard deviation of three independent experiments. Unpaired data was determined using Student\'s t-test and comparisons between multiple groups were made using one-way analysis of variance followed by a post-hoc Tukey\'s test. Kaplan-Meier was used to estimate the survival rate during the 120-day long-term treatment. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### In vitro effects of rBMP-2/Fc on synovial cells from a SI-OTFD mouse model

To investigate the efficacy of rBMP-2/Fc on SI-OTFD, the levels of BMP-2 and BMP-2R in synovial cells were measured. BMP-2 expression levels were significantly lower in synovial cells from the mouse model of SI-OTFD compared with the healthy mice group ([Fig. 1A](#f1-etm-0-0-5941){ref-type="fig"}), whereas BMP-2R was significantly increased in the SI-OTFD group compared with the healthy group ([Fig. 1B](#f1-etm-0-0-5941){ref-type="fig"}). The effect of rBMP-2/Fc on the expression of IL-6, IL-10, VEGF and M-CSF in synovial cells was investigated; DEX was used as a control. The expression of IL-6, IL-10, VEGF and M-CSF were significantly upregulated in rBMP-2/Fc-treated synovial cells compared with the control and DEX groups ([Fig. 1C-F](#f1-etm-0-0-5941){ref-type="fig"}, respectively). Conversely the expression of RANKL was significantly decreased following treatment with rBMP-2/Fc compared with the control and DEX groups ([Fig. 1G](#f1-etm-0-0-5941){ref-type="fig"}). It was also observed that the half-life of rBMP-2/Fc was significantly increased compared with BMP-2 ([Fig. 1H](#f1-etm-0-0-5941){ref-type="fig"}) and rBMP-2/Fc presented a higher affinity for BMP-2 ([Fig. 1I](#f1-etm-0-0-5941){ref-type="fig"}). These results suggest that rBMP-2/Fc effectively binds with BMP-2R and that rBMP-2/Fc treatment may regulate the expression of IL-6, IL-10, M-CSF and RANKL in synovial cells.

### Analysis of the underlying mechanism of the rBMP-2/Fc-mediated signaling pathway for osteonecrosis of the femoral head in a mouse model

Although the benefits of BMP-2 on arthritis have been previously investigated ([@b21-etm-0-0-5941]), the underlying mechanism of the rBMP-2/Fc-mediated signaling pathway for osteonecrosis of the femoral head in a mouse model remains unknown. It was observed that the expression of BMP-2 was positively associated with the gene signatures of NF-κB signaling, indicating that the NF-κB signaling pathway may be regulated by BMP-2 in bone synovial cells ([Fig. 2A](#f2-etm-0-0-5941){ref-type="fig"}). NF-κB was detected at significantly higher levels in the rBMP-2/Fc group compared with the control and BMP-2R groups. It was also observed that treatment with rBMP-2/Fc significantly increased the cell viability of synovial cells compared with the BMP-2 and control groups ([Fig. 2B](#f2-etm-0-0-5941){ref-type="fig"}). The cell growth rate was also significantly increased in the rBMP-2/Fc group at 48 and 72 h compared with the DEX and control groups ([Fig. 2C](#f2-etm-0-0-5941){ref-type="fig"}). Treatment with rBMP-2/Fc significantly decreased the apoptosis of synovial cells induced by steroids compared with the DEX and control groups ([Fig. 2D](#f2-etm-0-0-5941){ref-type="fig"}). Western blot analysis revealed that the addition of BMP-2R resulted in a marked decrease in NF-κB protein expression, whereas treatment with rBMP-2/Fc markedly increased NF-κB protein expression levels *in vitro* ([Fig. 2E](#f2-etm-0-0-5941){ref-type="fig"}). Furthermore, the protein expression levels of p65, IKKβ and IκBα were markedly increased in synovial cells treated with rBMP-2/Fc, whereas they were notably downregulated following treatment with BMP-2R ([Fig. 2F](#f2-etm-0-0-5941){ref-type="fig"}). *In vitro* western blot analysis revealed that alkaline phosphatase (ALP), runt-related transcription factor 2 (Runx2), osterix and osteocalcin were significantly upregulated in rBMP-2/Fc-treated synoviocytes compared with the control and BMP-2R groups ([Fig 2G](#f2-etm-0-0-5941){ref-type="fig"}). Additionally, treatment with rBMP-2/Fc induced a significant increase in the protein levels of phosphorylated Smad-1, Smad-5 and Smad-8 in Saos-2 cells ([Fig. 2H](#f2-etm-0-0-5941){ref-type="fig"}). These results indicate that rBMP-2/Fc exerts a beneficial effect by increasing the viability of synovial cells obtained from experimental mice.

### Therapeutic effects of rBMP-2/Fc for steroid-induce osteonecrosis of the femoral head mice

Experimental SI-OTFD mice were administered with rBMP-2/Fc, DEX or PBS as described above. The therapeutic effects of these agents were recorded every 3 days using an arthritic score in each experimental group. It was revealed that treatment with rBMP-2/Fc significantly ameliorated the clinical symptoms used to measure an arthritic score compared with the DEX- and PBS-treated mice ([Fig. 3A](#f3-etm-0-0-5941){ref-type="fig"}). Additionally, rBMP-2/Fc-treated mice exhibited a significantly decreased PWMT compared with the DEX and PBS groups ([Fig. 3B](#f3-etm-0-0-5941){ref-type="fig"}). Furthermore, the VEGF, BMP-2R, RANKL and M-CSF mRNA expression levels were measured in the synovial cells from mice in each treatment group. The expression levels of BMP-2R and RANKL were significantly downregulated in rBMP-2/Fc-treated mice compared with the DEX and PBS groups ([Fig. 3C and D](#f3-etm-0-0-5941){ref-type="fig"}). Conversely, the expression levels of VEGF and M-CSF were significantly upregulated in mice treated with rBMP-2/Fc compared with the DEX and PBS groups ([Fig. 3E and F](#f3-etm-0-0-5941){ref-type="fig"}). These results suggest that rBMP-2/Fc was able to improve the clinical symptoms and arthritis-associated factors in mice with osteonecrosis of the femoral head, which may contribute to the recovery of mice from osteonecrosis of the femoral head.

### Vascular density measurements, evaluation of bone reabsorption activity and histological evaluation of femoral head mice treated by rBMP-2/Fc

Throughout the experimental period the body and spleen weights of the mice were measured. These results revealed that at day 30 the body weights of the rBMP-2/Fc-treated mice were significantly increased compared with the DEX and PBS groups ([Fig. 4A and B](#f4-etm-0-0-5941){ref-type="fig"}). The DEX group was also significantly heavier than the PBS group at day 30. The notable changes in body weight appeared to begin at day 9. The spleen weight was also significantly reduced in the rBMP-2/Fc group compared with the PBS and DEX groups. The vascular density and bone reabsorption activity of the ischemic femoral head in the rBMP-2/Fc-treated group were significantly higher compared with the DEX and PBS groups ([Fig. 4C and D](#f4-etm-0-0-5941){ref-type="fig"}). Furthermore, histological analysis revealed that rBMP-2/Fc-treated mice exhibited homogeneous density and presented with notably smooth and regular articular surface ([Fig. 4E](#f4-etm-0-0-5941){ref-type="fig"}). It was also identified that a well-preserved secondary ossification center and trabecular bone formation was greater ([Fig. 4F](#f4-etm-0-0-5941){ref-type="fig"}) than the DEX-treated group and PBS-treated group.

The results indicated that the articular cartilage of mice treated by rBMP-2/Fc were more healthier. It was also observed that the angiogenesis factors ICAM-1 and PD-ECGF were significantly upregulated following rBMP-2/Fc treatment in synovial cells compared with the PBS and DEX groups ([Fig. 4G and H](#f4-etm-0-0-5941){ref-type="fig"}). These results suggest that rBMP-2/Fc treatment markedly improves pathological status of femoral head analyzed by histological staining.

Discussion
==========

Osteonecrosis of the femoral head is a serious arthritic disease that undergoes complex pathological processes during its initiation and development ([@b47-etm-0-0-5941]). Previous studies have demonstrated that core decompression combined with BMPs, growth factors, bone grafting or stem cells are therapeutic options for osteonecrosis of the femoral head ([@b48-etm-0-0-5941]--[@b50-etm-0-0-5941]). The symptoms of osteonecrosis of the femoral head are multitudinous and include pain, stiff joints with limited activity, lameness, different degrees of femoral head necrosis ([@b5-etm-0-0-5941],[@b51-etm-0-0-5941]). In recent years the incidence rate of osteonecrosis of the femoral head has increased ([@b52-etm-0-0-5941],[@b53-etm-0-0-5941]). Therefore, further treatment options are required to improve the prognosis and comfort of patients diagnosed with osteonecrosis of the femoral head. In the present study, the therapeutic effects of BMP-2/Fc in a mouse model of osteonecrosis of the femoral head were investigated with DEX used as a positive control. The results of the present study suggested that BMP-2/Fc is an effective agent for the treatment of osteonecrosis of the femoral head.

BMPs are members of the transforming growth factor-β superfamily, which regulates cellular metabolism and signaling pathways, including cell proliferation, migration, apoptosis, differentiation and adhesion in many types of cells ([@b54-etm-0-0-5941],[@b55-etm-0-0-5941]). Recent studies have reported that BMP-2 may be used to reconstruct segmental mandibular defects and repair ischemic damage by inducing angiogenesis and osteogenesis, and by decreasing osteoclast bone reabsorption activity ([@b56-etm-0-0-5941],[@b57-etm-0-0-5941]). However, the half-life of BMP-2 is short *in vivo*, which limits its clinical application ([@b58-etm-0-0-5941],[@b59-etm-0-0-5941]). In the present study, a recombinant BMP-2 linked with an Fc fragment, rBMP-2/Fc, was synthesized to prolong its half-life *in vivo*. The longer half-life of rBMP-2/Fc significantly improved the viability of synoviocytes compared with BMP-2. The results indicated that rBMP-2/Fc is an efficient drug for the inhibition of joint inflammation and damage. The effect of rBMP-2/Fc was investigated according to its clinical presentation.

The femoral head is a highly vascularized articular tissue and angiogenesis is crucial to prevent the progression of osteonecrosis of the femoral head ([@b60-etm-0-0-5941],[@b61-etm-0-0-5941]). Neovascularization supports the osteoblasts and mesenchymal stem cells during femoral head repair and construction ([@b62-etm-0-0-5941],[@b63-etm-0-0-5941]). However, the mRNA levels of BMP-2R were significantly higher in SI-OTFD mice compared with the healthy mice, suggesting that they may have been downregulated by rBMP-2/Fc treatment. A recent study has summarized the different treatments available for osteonecrosis of the femoral head and the different mechanisms by which they act on osteogenesis and angiogenesis has also been discussed in association with bone regeneration ([@b15-etm-0-0-5941]). All treatment strategies emphasize the importance of angiogenesis for bone regeneration. In addition, osteonecrosis of the femoral head causes a reduction in vascular density, which leads to an inadequate amount of subchondral bone at the femoral head, which results in osteocyte death and the collapse of the articular surface ([@b15-etm-0-0-5941]). A previous study has indicated that revascularization contributes to the recovery of osteonecrosis at the femoral head, which suggests that it may be part of the underlying mechanism of initiation, development and aggravation of glucocorticoid-induced osteonecrosis of the femoral head ([@b64-etm-0-0-5941]). VEGF and M-CSF serve an essential role in angiogenesis and bone regeneration ([@b23-etm-0-0-5941],[@b65-etm-0-0-5941]). The present study investigated angiogenesis and synovial repair in a mouse model of osteonecrosis of the femoral head following treatment with rBMP-2/Fc. *In vivo* experiments indicated that rBMP-2/Fc significantly increased VEGF and M-CSF in synovial cells and contributed to the improvement of the clinical features of angiogenesis and osteogenesis.

Inflammatory cytokines have been identified as crucial regulatory signaling networks in osteonecrosis of the femoral head, which are mediated by intracellular kinase signaling pathways and regulate recruitment, stimulation, activation and the accumulation of autoimmune cells ([@b66-etm-0-0-5941]). The causes of osteonecrosis of the femoral head are not fully understood, however, laboratory and clinical evidence suggest that inflammatory cytokines may contribute to its pathogenesis ([@b67-etm-0-0-5941],[@b68-etm-0-0-5941]). Therefore, blocking the inflammatory cytokine pathways may interrupt the inflammatory process and break the cycle of inflammation, thereby limiting joint damage ([@b69-etm-0-0-5941],[@b70-etm-0-0-5941]). In the present study, the expression levels of inflammatory factors following rBMP-2/Fc treatment were measured. The results revealed that the administration of rBMP-2/Fc significantly reduced the pathogenesis of osteonecrosis of the femoral head by inhibiting the inflammatory cytokines (IL-6 and IL-10).

A previous study has demonstrated that the NF-κB signaling pathway serves an essential role in controlling revascularization and osteogenesis by regulating VEGF, BMP-2, RANKL and M-CSF expression during the progression of glucocorticoid-induced osteonecrosis of the femoral head ([@b71-etm-0-0-5941]). In the present study, the underlying mechanism of the rBMP-2/Fc-mediated signaling pathway in the progression of glucocorticoid-induced osteonecrosis of the femoral head was investigated. It was revealed that rBMP-2/Fc-mediated improvement may be attributed to the upregulation of the NF-κB signaling pathway, which promotes revascularization and osteogenesis in the femoral head.

In conclusion, the present study investigated the roles of rBMP-2/Fc in association with the level of cytokines present in the joint, homeostasis, revascularization and osteogenesis. The results demonstrated that rBMP-2/Fc is beneficial for the treatment of osteonecrosis of the femoral head by promoting the expression of proangiogenic factors in synovial cells. This leads to revascularization and osteogenesis through regulation of the NF-κB signaling pathway. These findings also indicate that rBMP-2/Fc treatment presents beneficial effects on alleviating joint inflammation, cartilage destruction and bone damage in mice with osteonecrosis of the femoral head, suggesting that rBMP-2/Fc may be a potential novel agent for the treatment of osteonecrosis of the femoral head in humans, although further investigation is required to confirm this.
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![Effects of rBMP-2/Fc on synovial cells isolated from experimental mice. The expression of (A) BMP-2 and (B) BMP-2R in synovial cells from a mouse model of osteonecrosis of the femoral head were determined by ELISA. The expression of (C) IL-6 (D) IL-10, (E) VEGF, (F) M-CSF and (G) RANKL in synovial cells were analyzed by ELISA. (H) The half-life periods of rBMP-2/Fc and BMP-2 were determined by pharmacokinetic methods. (I) The affinity of rBMP-2/Fc for BMP-2R was measured. \*P\<0.05, \*\*P\<0.01. BMP-2, bone morphogenetic protein-2; rBMP, recombinant bone morphogenetic protein; Fc, Fc fragment; BMP-2R, bone morphogenetic protein-2 receptor; Il, interleukin; VEGF; vascular endothelial growth factor; M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of NF-κB ligand; SI-OTFD, steroid-induced osteonecrosis of the femoral head; DEX, dexamethasone.](etm-15-05-4298-g00){#f1-etm-0-0-5941}

![Analysis of the signaling pathways mediated by rBMP-2/Fc in synovial cells. (A) Analysis of the association between BMP-2 and NF-κB expression in synovial cells as determined by luciferase activity. (B) The viability of synovial cells following incubation with rBMP-2/Fc (10 mg/ml), BMP-2 (2 mg/ml) or PBS for different time periods as determined by the refractive index. (C) The growth rate of synovial cells following treatment with PBS, DEX or rBMP-2/Fc for 24, 48 and 72 has determined by an MTT assay. (D) The effects of rBMP-2/Fc on the apoptosis of synovial cells as determined by flow cytometry. Western blot analysis was performed to determine the protein expression levels of (E) NF-κB, (F) p65, IKK-β and IκBα in synovial cells following treatment with BMP-2R or rBMP-2/Fc. The protein expression of (G) ALP, Runx2, osterix and osteocalcin, and (H) pSmad-1, pSmad-5 and pSmad-8 in Saos-2 cells was determined via western blot analysis.\*P\<0.05, \*\*P\<0.01. BMP-2, bone morphogenetic protein-2; rBMP, recombinant bone morphogenetic protein; Fc, Fc fragment; BMP-2R, bone morphogenetic protein-2 receptor; NF, nuclear factor; IKK-β, inhibitor of NF-κB kinase-β; IκBα, NF-κB inhibitor-α; ALP, alkaline phosphatase; Runx2, runt-related transcription factor 2; p, phosphorylated; DEX, dexamethasone.](etm-15-05-4298-g01){#f2-etm-0-0-5941}

![*In vivo* effects of rBMP-2/Fc on steroid-induced osteonecrosis of the femoral head in a mouse model. (A) The clinical symptoms of mice with steroid-induced osteonecrosis of the femoral head were used to determine an arthritic score. (B) Pain-associated behaviors of experimental mice following treatment with PBS, DEX or rBMP-2/Fc were determined by PWMT. The mRNA expression levels of (C) BMP-2R, (D) RANKL, (E) VEGF and (F) M-CSF in experimental mice with steroid-induced osteonecrosis of the femoral head were determined by reverse transcription-quantitative polymerase chain reaction.\*\*P\<0.01. BMP-2, bone morphogenetic protein-2; rBMP, recombinant bone morphogenetic protein; Fc, Fc fragment; DEX, dexamethasone; PWMT, paw withdrawal mechanical threshold; BMP-2R, bone morphogenetic protein-2 receptor; VEGF; vascular endothelial growth factor; M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of NF-κB ligand.](etm-15-05-4298-g02){#f3-etm-0-0-5941}

![Histopathologic analysis of the therapeutic effects of rBMP-2/Fc in steroid-induced osteonecrosis of the femoral head in a mouse model. (A) Analysis of the (A) body weights and (B) spleen weights of mice following 30-days treatment with PBS, DEX or rBMP-2/Fc. (C) The vascular density of the femoral head in mice treated with PBS, DEX or rBMP-2/Fc was determined via Factor VIII staining of the vascular area. (D) Evaluation of bone reabsorption activity of the ischemic femoral head in mice treated with PBS, DEX or rBMP-2/Fc as determined by cluster of differentiation 68 staining. (E) Images of the smooth articular surface and (F) the well-preserved secondary ossification center in mice treated with PBS, DEX or rBMP-2/Fc were used to determine histopathologic analysis. Magnification, 40×. The mRNA expression of the angiogenesis factors (G) ICAM-1 and (H) PD-ECGF in synovial cells in experimental mice as determined by reverse transcription-quantitative polymerase chain reaction. \*P\<0.05; \*\*P\<0.01. BMP-2, bone morphogenetic protein-2; rBMP, recombinant bone morphogenetic protein; Fc, Fc fragment; DEX, dexamethasone; ICAM-1, intercellular adhesion molecule 1; PD-ECGF, platelet-derived endothelial cell growth factor.](etm-15-05-4298-g03){#f4-etm-0-0-5941}
